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SUMMARY 
T r a n s i e n t ,  n o n l i n e a r  s o i l - s t r u c t u r e  i n t e r a c t i o n  ( S S I )  s i m u l a t i o n s  
of  an Electric Power Resea rch  Ins t i t u t e  (EPRI ) ,  SIMQUAKE experiment were 
p e r f o r m e d  u s i n g  t h e  l a r g e  s t r a i n ,  t i m e  domain STEALTH 2D code and a c y c l i c ,  
k i n e m a t i c a l l y  h a r d e n i n g  c a p  s o i l  m o d e l .  R e s u l t s  f r o m  t h e  STEALTH simula- 
t i ons  have  been  compared  to  iden t i ca l  s imula t ions  pe r fo rmed  wi th  the  TRANAL 
code. 
INTRODUCTION 
T r a n s i e n t ,   n o n l i n e a r   s o i l - s t r u c t u r e   i n t e r a c t i o n   ( S S I )   s i m u l a t i o n s  
of  an Electr ic  Power Resea rch   In s t i t u t e   (EPRI ) ,  SMQUAKE exper iment   ( re f .  1 )  
were p e r f o r m e d  u s i n g  t h e  l a r g e  s t r a i n ,  t i m e  domain STEALTH 2D code  ( r e f .  2) 
and a c y c l i c ,   k i n e m a t i c a l l y   h a r d e n i n g   c a p   s o i l  model ( r e f .  3). Resul t s   f rom 
t h e  STEALTH s imula t ions  have  been  compared t o  i d e n t i c a l  s i m u l a t i o n s  p e r -  
formed w i t h  t h e  TRANAL code  ( r e f .  4 )  and w i l l  be  compared t o  f i e l d  d a t a  at a 
la ter  t i m e .  
The d e s i r a b i l i t y  o f  u s i n g  a l a r g e  s t r a i n ,  n o n l i n e a r  t i m e  domain 
approach t o  d o  c e r t a i n  t y p e s  o f  S S I  s i m u l a t i o n s  h a s  b e e n  e s t a b l i s h e d  b y  
several i n v e s t i g a t o r s .  I n  p a r t i c u l a r ,  two s t u d i e s  p r i o r  t o  t h i s  o n e  and 
also sponsored by EPRI have explored ( 1 )  t h e  l i m i t a t i o n s  o f  t h e  e q u i v a l e n t  
l i n e a r  method (ELM) t o  c a l c u l a t e  l a r g e  s t r a i n  n o n l i n e a r  r e s p o n s e  ( r e f .  5) 
and ( 2 )  t h e  e f f e c t  o f  a s o i l  model t o  a l low fo r  debond ing  and  r ebond ing  
around a r o c k i n g  s t r u c t u r e  ( r e f .  6 ) .  
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A primary emphasis i n  t h e  c u r r e n t  s t u d y  w a s  t h e  a p p l i c a t i o n  t o  SSI  
s i m u l a t i o n s  of a mesh- in te rac t ion  ( s l ide l ine)  a lgor i thm developed  for  impact  
( r e f .  7 )  and p e n e t r a t i o n  e v e n t s  ( r e f .  8). The i n t e r a c t i o n  a l g o r i t h m  is based 
on   expl ic i t   numer ica l   equa t ions   deve loped   by   Wi lk ins   ( re f .  9) .  The i n t e r a c -  
t i o n  a l g o r i t h m  f o r m u l a t i o n  i n  STEALTH 2D i s  " s t r o n g l y  c o u p l e d "  i n  t h a t  i n -  
t e r f a c e  m o t i o n  e q u a t i o n s  are c e n t e r e d  i n  b o t h  time and space.  
To s i m u l a t e  SIMQUAKE u s i n g  t h e  i n t e r a c t i o n  a l g o r i t h m ,  a modified 
s o i l   i s l a n d   a p p r o a c h   u s e d   b y   p r e v i o u s   s t u d i e s   ( r e f .  6 )  w a s  adopted.  The 
i n p u t  e x c i t a t i o n  h i s t o r i e s  a r o u n d  t h e  f i c t i t i o u s  s o i l  i s l a n d  b o u n d a r y  were 
obtained by l i n e a r l y  i n t e r p o l a t i n g  t h e  m e a s u r e d  t ime-dependent ground mot i o n  
d a t a  i n  t h e  f r e e  f i e l d .  A f r e e - f i e l d  c a l c u l a t i o n  u s i n g  c o a r s e  meshes i n  a 
l a r g e  domain t o  o b t a i n  s o i l  i s l a n d  i n p u t  h i s t o r i e s  was t h e r e f o r e  n o t  re- 
qu i r ed .   Fu r the rmore ,   t he   ava i l ab le   measu red   da t a   a round   t he   s t ruc tu re   p ro -  
vided a v a l i d a t i o n  c h e c k  of t h e  STEALTH 2D c o d e  a n d  t h e  i n t e r a c t i o n  a l g o -  
r it hm. 
Seve ra l   t ypes  of a n a l y s e s  were performed. One t y p e  compared calcu-  
l a t i o n s  i n  w h i c h  t h e  s t r u c t u r e  w a s  o m i t t e d  a n d  t h e  e f f e c t s  of t h e  c a p  v e r s u s  
a s imple e l a s t i c  model were considered.   Both  veloci ty   and stress responses  
w i t h i n  t h e  domain  of t h e  s o i l  i s l a n d  were monitored. These cases provided 
i n s i g h t  i n t o  t h e  t r a n s i e n t  wave c h a r a c t e r i s t i c s  b e t w e e n  l i n e a r  a n d  n o n l i n e a r  
s o i l  models .   These   ca lcu la t ions   a l so   p rovided  a p r e l i m i n a r y  test of t h e  
mesh- in t e rac t ion  log ic  in  wh ich  in t e r f ace  nodes  were c o n s t r a i n e d  t o  act as 
i n t e r i o r  n o d e s .  A n o t h e r  t y p e  o f  a n a l y s i s  i n c l u d e d  b o t h  t h e  s t r u c t u r e  a n d  
t h e  s o i l  ( c a p  and e las t ic )  bu t  d id  not  a l low debonding  and  rebonding .  
Again,  veloci ty  and stress r e s p o n s e s  s u r r o u n d i n g  t h e  s t r u c t u r e  were compared 
t o  e a c h  o t h e r  and t o  t h e  p r e v i o u s  c a l c u l a t i o n s  w i t h o u t  t h e  s t r u c t u r e .  Basic 
c h a r a c t e r i s t i c s  of t h e  s o i l - s t r u c t u r e  i n t e r a c t i o n  are r evea led  th rough  such  
comparisons.  The l a s t  c l a s s  of ca l cu la t ions   i nc luded   t he   compar i son   o f  two 
debonding-rebonding logics -- one  based  on  the  mesh- in te rac t ion  a lgor i thm 
a n d  t h e  o t h e r  on a cons t i t u t ive  t ens ion -cu to f f  mode l .  
Next are  d e s c r i b e d  t h e  SIMQUAKE f i e l d  tests, t h e  s o i l  i s l a n d  metho- 
dology,  the  STEALTH 2D c o d e ,  a n d  t h e  s l i d e l i n e  l o g i c  u s e d  f o r  v a r i o u s  as- 
p e c t s  of t h e  p r o b l e m .   F i n a l l y ,   t h e   r e s u l t s  of v a r i o u s  c a l c u l a t i o n s  are 
presented . 
DESCRIPTION OF  SIMQUAKE 
The purpose of t h e  SINQUAKE f i e l d - t e s t  series w a s  t o  impose s t rong 
ea r thquake - l ike  g round  mot ions  on  s t ruc tu ra l  mode l s  i n  o rde r  t o  eva lua te  (1) 
s o i l  r e s p o n s e  c h a r a c t e r i s t i c s  ( t h r o u g h  l a b o r a t o r y  a n d  f i e l d  s t u d i e s )  and ( 2 )  
s o i l - s t r u c t u r e   i n t e r a c t i o n  phenomenology.  For the   former ,   endochronic  (ref. 
10)  and  cap  cons t i tu t ive  models  were d e v e l o p e d ,  w h i l e  i n  t h e  l a t te r  
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ca tegory ,  d i f fe ren t  numer ica l  models  were used t o  p e r f o r m  p r e t e s t  a n d  p o s t -  
test ana lyses .  
The s imula ted  ear thquake  test c o n d i t i o n s  were achieved  by  de tona t ing  
two  p lana r  a r r ays  o f  exp los ives  in  such  a way as  t o  y i e l d  several c y c l e s  of 
p l a n a r ,  p- and s-wave mot ion  pass ing  by  the  s t ruc tu res .  The  ampl i tudes  and  
f r e q u e n c i e s  of t hese  mot ions  were chosen t o  approximate a g iven  undamped 
spectrum. A p l a n  view of t h e  two p l a n a r  a r r a y s  of exp los ives  and  f ive  o f  
t h e  s t r u c t u r a l  m o d e l s  u s e d  i n  t h e  s e c o n d  SIMQUAKE test series is shown i n  
f i g u r e  la. 
Dur ing  the  tes t ,  measurements were t aken  on  and  nea r  t he  s t ruc tu re  
and i n  t h e  f r e e  f i e l d .  F i g u r e  l b  s h o w s  s c h e m a t i c a l l y  t h e  l o c a t i o n s  o f  t h e  
v a r i o u s  f r e e - f i e l d  b o r e  h o l e s  i n  w h i c h  i n s t r u m e n t s  were l o c a t e d .  It w a s  
i n t e n d e d  t h a t  t h e s e  f r e e  f i e l d  m e a s u r e m e n t s  would be used as "so i l - i s land"  
input   boundary   condi t ions   for   the   var ious   ca lcu la t ions .   The   measurements  
t a k e n  o n  o r  n e a r  t h e  s t r u c t u r e  were i n t e n d e d  t o  b e  u s e d  t o  val idate  t h e  
codes and ana ly t ic  methodology.  
The s t r u c t u r a l  m o d e l s  were s u b j e c t e d  t o  p l a n a r  test c o n d i t i o n s .  
F igure  2 is  a schematic  of a typ ica l   ax isymmetr ic   s t ruc ture .   The   nominal  
dimensions of t h e  v a r i o u s  s t r u c t u r a l  m o d e l s  are l i s t e d  below. 
S t r u c t u r e  D i amet er Height 
Type ( f t )   ( f t  1 
1 .  15 22-1 12 
2. 10 15 
3. 5 7-1 12 
One each of t h e  t y p e  1, 2 and 3 s t r u c t u r a l  m o d e l s  were imbedded t o  
114 of t h e i r  h e i g h t  i n  t h e  s o i l  u s i n g  n a t i v e  b a c k f i l l .  Two t y p e  2 s t r u c -  
t u r e s  were included -- each a t  a d i f f e r e n t  r a n g e  l o c a t i o n .  A second type  3 
s t r u c t u r e  w a s  c o n s t r u c t e d  t o  test a seismic i s o l a t i o n  d e s i g n .  A t h i r d  t y p e  
3 model w a s  f r e e  s t a n d i n g  a n d  f i l l e d  w i t h  water t o  test f l u i d - s t r u c t u r e  
i n t e r a c t  i o n .  The d i f f e ren t  cond i t ions  chosen  in t ended  to  shed  1 ight  on  
q u e s t i o n s  o f  r e sponse ,  s ca l ing ,  back f i l l  and  dep th  o f  bu r i a l .  
SOIL ISLAND METHODOLOGY 
The s o i l  i s l a n d  a p p r o a c h  i s  a method fo r  coup l ing  f r ee - f i e ld  g round  
motions t o  a n a l y s e s  of s t ruc ture-medium  in te rac t ion .  It a l l o w s   t h e   a n a l y s t  
t h e  f r e e d o m  t o  d e v e l o p  f r e e - f i e l d  g r o u n d  m o t i o n  i n  a n y  manner which is con- 
s i s t en t   w i th   equa t ions   o f   dynamic   equ i l ib r ium.   Th i s   i nc ludes   e i the r   f i e ld  
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measurements   or   computat ions  or   both.  The s o i l  i s l a n d  a p p r o a c h  h a s  b e e n  
s u c c e s s f u l l y  a p p l i e d  t o  a range of  problems involving wave e f fec t s  on  p ro -  
tect ive s t r u c t u r e s .  
I n  t h e  f i r s t  s t e p  of t h e  s o i l  i s l a n d  a p p r o a c h ,  a f i c t i t i o u s  b o u n d a r y  
is d e s i g n a t e d  i n  t h e  f r e e  f i e l d  w h i c h  s u r r o u n d s  t h e  l o c a t i o n  o f  a s t r u c -  
t u re ;  t he  f r ee - f  i e ld  g round  mot ions  a long  th i s  boundary  are s t o r e d  f o r  
later u s e .  I n  t h e  s e c o n d  s t e p ,  t h i s  v o l u m e  o f  s o i l  r e f e r r e d  t o  as t h e  s o i l  
i s l a n d  i s  analyzed i n  d e t a i l  u s i n g  t h e  s t o r e d  f r e e - f i e l d  g r o u n d  m o t i o n s  as 
boundary   cond i t ions .   Th i s   r educes   t he   s t ruc tu re -med ium  in t e rac t ion  model 
t o  manageable  s ize .  
The s o i l  i s l a n d  c o n c e p t  w a s  i n i t i a l l y  d e v e l o p e d  t o  a n a l y z e  t h e  
response of a s u r f a c e - f l u s h  m i l i t a r y  s t r u c t u r e  i n  a l a y e r e d  s i te  subjec ted  
t o  o u t r u n n i n g  g r o u n d  s h o c k  f r o m  t r a v e l i n g  a i r b l a s t  l o a d i n g ,  t o  l o c a l  air- 
blast   induced  ground  motion,  and t o  t h e  a i r b l a s t  i t s e l f .  The  outrunning 
response  conta ined  predominant ly  low f requencies  because  the  h igh  f requency  
component was f i l t e r e d  o u t  b y  p r o p a g a t i o n  o v e r  l o n g  d i s t a n c e s  t h r o u g h  h y s -  
t e re t ic  s o i l .  To a p p l y  t h e  s o i l  i s l a n d  method t o  t h i s  case, the   ou t runn ing  
motion w a s  c a l c u l a t e d  w i t h  a coa r se  g r id  ( adequa te  up t o  about 1 Hz) which 
extended  about 3 miles i n  l e n g t h  and  about 1 m i l e  i n  d e p t h .  A f i c t i t i o u s  
s o i l  i s l a n d  was def ined  and  motions on its boundary were s tored .   These  
were s u b s e q u e n t l y  a p p l i e d  t o  t h e  b o u n d a r i e s  of a s o i l  i s l a n d ,  w h i c h  i n c l u d -  
ed t h e   s t r u c t u r e .  The s o i l   i s l a n d   c o n s i s t e d  of s u f f i c i e n t l y  small e lements  
to i n s u r e  t h a t  the h igh  f requency  response  (up  to  about  30 Hz), produced by 
the a i r b l a s t  a n d  t h e  l o c a l  a i r b l a s t  i n d u c e d  g r o u n d  m o t i o n ,  was p r o p e r l y  re- 
presented .  
A m o d i f i c a t i o n  o f  t h e  s o i l  i s l a n d  a p p r o a c h  is adopted when s imulat-  
i n g  a phys ica l   exper iment   such  as  t h e  SDlQUAKE series of f i e l d  tests. I n  
t h i s  case t h e  f r e e - f i e l d  c a l c u l a t i o n  is e l imina ted  and  f r ee - f i e ld  ve loc i ty  
and  acce le ra t ion  gages  are i n s t a l l e d  on t h e  b o u n d a r i e s  o f  t h e  f i c t i t i o u s  
soil i s l and .   Af t e r   p rocess ing ,   t he   t ime-phased   r eco rds  are used f i r s t  as  
i n p u t  t o  a c a l c u l a t i o n  o f  t h e  r e s p o n s e  o f  a s o i l  i s l a n d  w i t h o u t  s t r u c t u r e .  
The  motions i n  t h e  i n t e r i o r  o f  t h i s  s o i l  i s l a n d  c a n  b e  compared with free-  
f ie ld  measurements  a t  co r re spond ing  loca t  i ons .  The  degree  o f  f avorab le  
compar i son  g ives  va luab le  in s igh t  i n to  the  adequacy  o f  t he  s i t e  model. 
Then t h e  s t r u c t u r a l  model is i n s e r t e d  i n t o  t h e  s o i l  i s l a n d  and the  p ro -  
cedure is repeated t o  o b t a i n  s o i l - s t r u c t u r e  r e s p o n s e .  Due t o  p r a c t i c a l  
l i m i t a t i o n s  on t h e  number of  channels  of  ins t rumenta t ion ,  there  are never  
input  time h i s t o r y  r e c o r d s  a t  a l l  mesh p o i n t s  o n  t h e  s o i l  i s l a n d  b o u n d a r i e s  
as  is  r e q u i r e d  f o r  t h e  s o i l  i s l a n d  a n a l y s i s .  S t u d i e s  i n v o l v i n g  i n p u t  f r o m  
c o a r s e  mesh f r e e - f i e l d  c a l c u l a t i o n s  i n t o  f i n e  mesh s o i l  i s l a n d  m o d e l s  i n d i -  
cate t h a t  s a t i s f a c t o r y  i n p u t  m o t i o n  a t  a f i n e  mesh node  can  be  obta ined  by 
l i n e a r  s p a t i a l  i n t e r p o l a t i o n  b e t w e e n  t h e  two  ad jacen t  coa r se  mesh nodes. 
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Comparison between motions i n  t h e  i n t e r i o r  o f  t h e  s o i l  i s l a n d  and a t  
c o r r e s p o n d i n g  p o i n t s  o f  t h e  p a r e n t  f r e e - f i e l d  c a l c u l a t i o n ,  i l l u s t r a t e s  t h e  
success  of  the method.  
Regard less  of  the  methods  used  to  def ine  f ree- f ie ld  ground mot ion ,  
t h e  s e c o n d  s t e p  i n  t h e  s o i l  i s l a n d  a p p r o a c h  is t o  d e s i g n a t e  f i c t i t i o u s  s o i l  
i s l a n d s   s u r r o u n d i n g   p o s s i b l e   s t r u c t u r e s  of i n t e r e s t .   T h e   f r e e - f i e l d  
v e l o c i t y - t i m e  h i s t o r i e s  at a l l  p o i n t s  on the  boundary  o f  t he  i s l and  are 
s t o r e d  f o r  f u t u r e  u s e .  T h e  b o u n d a r i e s  o f  t h i s  i s l a n d  are chosen  su f f i -  
c i e n t l y  f a r  f r o m  t h e  e v e n t u a l  p o s i t i o n  o f  t h e  s t r u c t u r e  t h a t ,  when it is 
included,  i t  causes  on ly  a s l igh t  pe r tu rba t ion  o f  t he  boundary  mot ion .  Of 
cour se  the  boundar i e s  must b e  c h o s e n  c l o s e  e n o u g h  t o  t h e  s t r u c t u r e  t o  e n s u r e  
that  t h e  eventual s t ructure-medium interact ion problem i s  of manageable  s ize .  
I The f i n a l   s t e p  is t o  a p p l y   t h e   f r e e - f   i e l d   m o t i o n s   t o   t h e   b o u n d a r i e s  
of a s o i l  i s l a n d  i n c l u d i n g  t h e  model  of t h e  s t r u c t u r e .  S i n c e  t h e  s o i l  
model is t h e  same i n  t h e  i s l a n d  and i n  t h e  f r e e  f i e l d  , t h e  t i m e  phasing of 
t h e  a p p l i e d  m o t i o n  would e x a c t l y  s a t i s f y  t h e  wave equat ions  govern ing  mo- 
t i o n  w i t h i n  t h e  i s l a n d  i f  it were n o t  f o r  t h e  s t r u c t u r e ,  w h i c h  d i s t u r b s  t h e  
f r ee - f i e ld   mo t ions   i n  two  ways. F i r s t ,  t h e r e  is s c a t t e r i n g  of waves which 
i s  caused by t h e  impedance  mismatch  between t h e  s o i l  and t h e  s t r u c t u r e .  
A l though  the  au tho r s  are unaware of p r i o r  work which would shed light on 
t h e  wave l e n g t h s  a s s o c i a t e d  w i t h  t h e  s c a t t e r e d  waves, i t  i s  s p e c u l a t e d  t h a t  
they are  determined by the input  ground motion and poss ib ly  by  the  cha rac -  
t e r i s t i c  length   and  embedment depth   o f   the   s t ruc ture .   The   second  type   o f  
d i s t u r b a n c e  a r i s e s  f r o m  w a v e s  i n d u c e d  i n  t h e  s o i l  by mot ion  of  the  s t ruc-  
t u r e ,  s u c h  a s  r o c k i n g  and r e l a t i v e  t r a n s l a t i o n ,  w h i c h  is commonly recog- 
nized as s t ruc ture-medium  in te rac t ion .  The wave l e n g t h s   a s s o c i a t e d   w i t h  
these  d i s tu rbances  p re sumab ly  are governed  by  the  per iods  of t h e  p r i n c i p a l  
modes of   s t ruc ture-medium  in te rac t ion .   In  some approaches ,   nonre f l ec t ing  
boundaries  are used to  abso rb  bo th  types  o f  waves  s o  t h a t  t h e y  are n o t  
reflected back t o  t h e  s t r u c t u r e  and  become confused  wi th  the  pr imary  
s t ruc ture-medium  in te rac t ion .  One b e n e f i t  of  an  energy  absorbing  boundary 
i s  t h a t  t h e  b o u n d a r i e s  may be  moved c l o s e  t o  t h e  s t r u c t u r e  w i t h  r e s u l t i n g  
sav ings  in  computer  t i m e .  
I n  t h e  s o i l  i s l a n d  a p p r o a c h ,  t h e  i s l a n d  is presumed t o  b e  s u f f  i- 
c i e n t l y  l a r g e  t h a t  r e f l e c t i o n s  b e t w e e n  t h e  b o u n d a r i e s  a n d  t h e  s t r u c t u r e  are 
small. R e l i a n c e  is  placed on d i s p e r s i o n ,   g e o m e t r i c a l   a t t e n u a t i o n   a n d  ab- 
sorp t ion  of  energy  by  material damping t o  r e d u c e  t h e  e r r o r  t o  a n  a c c e p t a b l e  
level.  
A .  s i m p l e  s i te  model i n v o l v i n g  u n i f o r m  p r o p e r t i e s  o r  h o r i z o n t a l  
l ayer ing  and  uni form hor izonta l  bedrock  mot ion  w a s  a d o p t e d  f o r  t h i s  s t u d y .  
Though t h i s  is  n o t  n e c e s s a r i l y  a complete  picture  of  ear thquake ground 
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motion, it is  never the less  one  which  is f a m i l i a r  t o  many w o r k e r s  i n  t h e  
area o f   f i n i t e   e l emen t   s imu la t ion   o f   s t ruc tu re -med ium  in t e rac t ion .  It is 
a l s o  s i m p l e ,  w h i c h  h e l p s  i n  i d e n t i f y i n g  s t r u c t u r e - m e d i u m  i n t e r a c t i o n  e f -  
f ects . 
STEALTH 2D AND SLIDELINES 
STEALTH  2D is  a t w o - d i m e n s i o n a l ,  l a r g e - s t r a i n ,  e x p l i c i t  f i n i t e -  
difference  Lagrange  computer   code.   The most impor t an t   f ea tu re   o f  STEALTH 
2D t h a t  w a s  tested i n  t h e  SIMQUAKE s i m u l a t i o n s  w a s  t h e  m u l t i g r i d  s l i d e l i n e  
c a p a b i l i t y .  S l i d e l i n e  i s  a n  h i s t o r i c a l  term w h i c h  i d e n t i f i e s  t h e  l o g i c  
n e c e s s a r y  t o  c o u p l e  t w o  o b j e c t  m e s h e s  t o g e t h e r  t o  s i m u l a t e  a p e n e t r a t i o n  o r  
i m p a c t  even t  i n  wh ich  r e l a t ive  s l i d ing ,  debond ing  and  r edebond ing  occur s .  
Numer ica l ly  th i s  means t h a t  e a c h  of t h e  i n t e r a c t i n g  o b j e c t s  g e t s  i t s  i n t e r -  
f ace  boundary  cond i t ions  f rom the  o the r  ob jec t .  When re la t ive  motion 
b e t w e e n  t h e  o b j e c t s  o c c u r s ,  i n t e r f a c e  b o u n d a r y  n o d e  l o c a t i o n s  o n  o n e  o b j e c t  
d o  n o t  n e c e s s a r i l y  c o i n c i d e  w i t h  t h e  l o c a t i o n s  of in te r face  boundary  nodes  
o n  t h e  o t h e r  o b j e c t  . I n  s c e n a r i o s  of re la t ive s l i d i n g  , t h e  l o c a t  i o n s  of 
in te r face  boundary  nodes  are cons t an t ly  chang ing .  In  cases in  which  de-  
bonding and rebonding occur , t he  in t e r f ace  boundary  nodes  are no t  on ly  
c h a n g i n g  t h e i r  p o s i t i o n  a l o n g  t h e i r  r e l a t i v e  i n t e r f a c e  b u t  are  o f t en  spaced  
by r e g i o n s  of void. 
S l i d e l i n e s  are a l s o  u s e d  t o  e f f e c t  a d i scon t inuous  change  in  noda l i -  
z a t i o n  w i t h i n  a p a r t i c u l a r  material. T h i s  c a p a b i l i t y  is ca l led  " t i e d  s l i d -  
ing" because nodal  points  are t i e d  t o  t h e  s l i d e l i n e ,  t h a t  is , n o  r e l a t i v e  
s l i d ing  o r  debond ing  is a l l o w e d  a f t e r  t h e  o r i g i n a l  p l a c i n g  of t h e  i n t e r f a c e  
nodes.  The  nodes act  as i f  t h e y  were i n t e r i o r   n o d e s .   F i g u r e  3 shows an 
example  of t i e d  s l i d i n g  n o d e s .  
F o r  t h e  SIMQUAKE s o i l  i s l a n d  g e o m e t r y ,  t h e r e  are a number of  ways i n  
which STEALTH 2D c a n  b e  u s e d  t o  model t h e  e v e n t .  E a c h  h a s  d i s t i n c t  p h y s i c a l  
and  economic  advantages  and  disadvantages.   The  s implest ,  most rudimentary 
u s e  of STEALTH 2D d o e s  n o t  r e q u i r e  s l i d e l i n e s .  I n  t h i s  case, a r e c t a n g u l a r  
domain is  chosen which is bounded by t h e  s o i l  i s l a n d  b o u n d a r i e s  on t h e  b o t -  
tom  and  two s i d e s  and a h o r i z o n t a l  f r e e  s u r f a c e  b o u n d a r y  a t  t h e  e l e v a t i o n  of 
t h e  t o p  of t h e   s t r u c t u r e .   T h i s  is shown i n  f i g u r e  4a. One g r i d  is  used 
wh ich  inc ludes  exp l i c i t  a i r  ( v o i d )  r e g i o n s  on e i t h e r  s i d e  o f  t h e  s t r u c t u r e  
and  above t h e  ground  sur face .   This  model has  one  major  economic  disadvan- 
t a g e  -- t h a t  of having t o  compute a i r  nodes ,  which  could  jus t  as e a s i l y  b e  
handled by us ing  an  appropr ia te  boundary  condi t ion  and  by u s i n g  t w o  g r i d s  
c o u p l e d  t h r o u g h  o n e  t i e d  s l i d e l i n e  t o  d e f i n e  t h e  s t r u c t u r e .  F i g u r e  4b  shows 
t h i s  a r r a n g e m e n t .  N e i t h e r  t h e  mesh i n  f i g u r e  4 a  n o r  t h e  o n e  i n  f i g u r e  4b 
al lows  for   debonding  and  rebonding of t h e  s t r u c t u r e .  T h e s e  e f f e c t s  c a n  b e  
h a n d l e d  t h r o u g h  s p e c i a l  l o g i c  i n  t h e  c o n s t i t u t i v e  model f o r  t h e  s o i l  z o n e s  
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n e x t  t o  t h e  s t r u c t u r e .  T h e s e  z o n e s  c a n  be made v e r y  small .(by STEALTH mesh), 
and  the  tens ion-cutof f  and recompress ion  cons t i tu t ive  parameters  can  be  
chosen t o  g i v e  t h e  e f f e c t  o f  g a p  r e g i o n s .  One set o f  c a l c u l a t i o n s  w a s  pe r -  
formed us ing  the  STEALTH mesh. A d i s a d v a n t a g e  t o  t h i s  approach can o c c u r  i f  
t h e  "gap" zones are s o  small t h a t  t h e y  c o n t r o l  the t i m e  st.ep. In  SIMQUAKE, 
t h i s  w a s  n o t  t h e  case -- t h e  z o n e s  i n  the v e r y  s t i f f  s t r u c t u r e  c o n t r o l l e d  t h e  
time s t e p .  I 
! 
Another approach for modeling debonding and rebonding involves mul- 
t i p l e  g r i d s  c o n n e c t e d  by both  t i e d  and f r e e  s l i d e l i n e s .  Several v a r i a t i o n s  
of t h i s  a p p r o a c h  are shown i n  f i g u r e s  5a and  5b.  The v a r i a t i o n  shown i n  
f i g u r e  5a was used i n  several SIMQUAKE s i m u l a t i o n s .  S l i d e l i n e  #1 is  t i e d  
and is used t o  e f f e c t  a change   i n   zon ing .   S l ide l ine  #2 is l o c a t e d  at a 
d e p t h  c o i n c i d e n t  w i t h  t h e  b o t t o m  o f  t h e  s t r u c t u r e .  The noda l i za t ion  above  
and  below s l i d e l i n e  112 is  ident ica l  bu t  debondingl rebonding  is allowed t o  
occur at t h e  b a s e  of t he  s t ruc tu re .  Eve rywhere  else t h e  s l i d e l i n e  is t i e d .  
A t h i r d  t i e d  s l i d e l i n e  e x i s t s  a t  t h e  ground sur face  connec t ing  the  bot tom 
1 / 4  of t h e  s t r u c t u r e  t o  t h e  t o p  3 / 4 .  A p o t e n t i a l  f l a w  of t he  approach  shown 
i n  f i g u r e  5 a  is t h a t  no kinematic debonding is a l l o w e d  a t  t h e  s ides  of t h e  
s t r u c t u r e .   I f  it i s  necessa ry   t o   ach ieve   debond ing  a t  t h e s e   l o c a t i o n s ,   t h e n  
zone gap models would again be necessary.  
To have kinematic debonding a l l  a r o u n d  t h e  s t r u c t u r e  would r e q u i r e  
t h e  mesh shown i n  f i g u r e  5b. Here, s l i d e l i n e  #1 is  t h e  same as i n  f i g u r e  
5 a ,  b u t  s l i d e l i n e  #2 is placed a t  t h e  s u r f a c e  of t h e  ground  and  around t h e  
s t r u c t u r e  as  shown. This   arrangement   has   two  advantages  over   the  previous 
one -- it  w i l l  r e q u i r e  s l i g h t l y  less computer t i m e  b e c a u s e  t h e r e  are fewer 
t o t a l  n o d e s  and t h e r e  is no need   for   gap   zones .  The d isadvantages  are t h a t  
t h e  z o n e s  a r e  n o t  r e c t a n g l e s  a n d  are less a c c u r a t e  t h a n  t h e i r  r e c t a n g u l a r  
e q u i v a l e n t s .  
Two o t h e r  STEALTH 2D op t  i ons  wh ich  can  s ign i f i can t ly  r educe  cos t  and  
poss ib ly   i nc rease   accu racy  are ava i lab le .   The   pr imary   assumpt ion   requi red  
i s  t h a t  t h e  s t r u c t u r e  c a n  b e  t r e a t e d  as a r i g i d  body. I n  a l l  t h e  meshes 
shown so  f a r ,  the t i m e  s t e p  is c o n t r o l l e d  by z o n e s  i n  t h e  s t r u c t u r e .  The 
sound  speed i n  t h e  s t r u c t u r e  is abou t  t en  times t h a t  of t h e  s o i l ,  s o  t h a t  
f o r  e q u i v a l e n t l y  s i z e d  z o n e s ,  t h e  g l o b a l  ( p r o b l e m )  t i m e  s t e p  i s  l / l O t h  of 
wha t  wou ld  be  r equ i r ed  fo r  t he  so i l  were it  t o  c o n t r o l  t h e  g l o b a l  t i m e  s t e p .  
Assuming t h a t  t h e  s t r u c t u r e  is a t  least  e l a s t i c  and a l m o s t  r i g i d  , a l l o w s  f o r  
t w o  o p t i o n s  t o  b e  c o n s i d e r e d  -- ( 1 )  s u b c y c l i n g  t h e  n o d a l i z e d  s t r u c t u r e  a t  
i ts  smaller t i m e  s t e p  o r  ( 2 )  us ing  a r i g i d  body  model f o r  t h e  s t r u c t u r e .  
One approach  us ing  the  r ig id  body  a s sumpt ion  fo r  t he  s t ruc tu re  is 
shown i n  f i g u r e  6 .  F i g u r e  6 is a v a r i a t i o n  o f  f i g u r e  5 b ,  i n  w h i c h  t h e  f l e x -  
i b l e  s t r u c t u r e  i s  r e p l a c e d  by a r i g i d  body model. 
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DESCRIYTION  OF  CALCULATIONS 
S e v e r a l  SINQUAKE c a l c u l a t i o n s  h a v e  b e e n  p e r f o r m e d  u s i n g  t h r e e  d i f -  
f e r e n t   c o d e s  -- TRANAL,  FLUSH ( r e f .  11) and STEALTH  2D. The r e s u l t s  
presented  i n  t h i s  p a p e r  are p r i m a r i l y  f r o m  t h e  STEALTH 2D c a l c u l a t i o n s .  
However, t h e  STEALTH r e s u l t s  h a v e  b e e n  c o m p a r e d  t o  r e s u l t s  from TRANAL, s o  
where  necessary ,  TRANAL r e s u l t s  are a l s o  p r e s e n t e d .  TRANAL and STEALTH are 
b o t h  e x p l i c i t  t i m e  domain codes. Though TRANAL i s  a f inite-element code and 
STEALTH is a f i n i t e - d i f f e r e n c e  c o d e ,  t h e  o n l y  m a j o r  d i f f e r e n c e  is t h a t  
TRANAL u t i l i z e s  a small s t r a i n  a s s u m p t i o n  w h i l e  STEALTH does  not .  
Table  1 summarizes t h e  c a l c u l a t i o n s  p r e s e n t e d  i n  t h i s  p a p e r .  T h e s e  
i n c l u d e  several v a r i a t i o n s  o f  t h e  same boundary condi t ions and geometry in  
o r d e r  t o  d e t e r m i n e  among o t h e r  t h i n g s ,  t h e  e f f e c t  of ( 1 )  material p r o p e r t i e s  
and ( 2 )  debonding-rebonding  logic.  Two material models were used -- elastic 
and  kinematic  cap. Two debonding-rebonding  logics were used -- one  involved 
a t ens ion -cu to f f  pa rame te r  i n  the  cap  material mode l  wh i l e  t he  o the r  u sed  a 
d i s t i n c t  k i n e m a t i c  s u r f a c e .  
I n  o r d e r  t o  v e r i f y  t h e  STEALTH 2D t i e d  s l i d i n g  l o g i c ,  t h r e e  f r e e  
f i e l d  c a l c u l a t i o n s  were made. T h e s e  c a l c u l a t i o n s  u s e d  t h e  same s o i l  i s l a n d  
v o l u m e  b u t  s l i g h t l y  d i f f e r e n t  b o u n d a r y  c o n d i t i o n s  f r o m  t h o s e  u s e d  i n  s u b s e -  
quent SSI  c a l c u l a t i o n s ,  i n  w h i c h  t h e  s t r u c t u r e  was i n c l u d e d  i n  t h e  mesh. 
F igu re  7a  shows t h e  mesh used both by TRANAL and  by STEALTH. Figure 7a has  
n o  s l i d e l i n e s .  F i g u r e  7b i s  t h e  STEALTH mesh  which makes u s e . o f  t i e d  s l i d i n g  
i n  o r d e r  t o  g e t  a g r e a t e r  number o f  z o n e s  i n  t h e  r e g i o n  w h e r e  t h e  s t r u c t u r e  
w i l l  b e  p l a c e d .  N o t i c e  t h a t  i n  b o t h  cases t h e  s o i l  i s l a n d  b o u n d a r y  n o d e s  
are i d e n t i c a l .  
R e s u l t s  f r o m  t h e s e  cases f o r  t h e  e las t ic  material model are shown i n  
f i g u r e s  8a and  8b.  These are v e l o c i t y  h i s t o r i e s  a t  t h e  A and B l o c a t i o n s ,  
r e s p e c t i v e l y ,  n o t e d  i n  f i g u r e s  7. 
The next  set o f  c a l c u l a t i o n s  t h a t  were per formed inc luded  the  s t ruc-  
t u r e .  The TRANAL and STEALTH meshes are  shown i n   f i g u r e s   9 a  and  9b.  These 
two  meshes  use  gapp ing  log ic s  in  the  th in  zones  bo rde r ing  the  s t ruc tu re .  
Two o t h e r  STEALTH meshes 'were shown i n  f i g u r e s  5a and  5b.  Figure 5a 
d i s p l a y e d  a g r id  wh ich  uses  a h o r i z o n t a l  s l i d e l i n e  a t  t h e  b a s e  o f  t h e  s t r u c -  
t u r e .  I n  f i g u r e  5 b ,  a s l i d e l i n e  s e p a r a t i n g  t h e  e n t i r e  s t r u c t u r e  f r o m  t h e  
s o i l  was u s e d .  C h a r a c t e r i s t i c  r e s u l t s  f r o m  t h e s e  cases are shown i n  f i g u r e  
10. Due t o  p a g e  l i m i t a t i o n s  f o r  t h i s  p a p e r ,  o t h e r  c o m p a r i s o n s  are n o t  
shown.  The r e s u l t s  shown are t y p i c a l .  Detailed r e s u l t s  w i l l  b e   a v a i l a b l e  
i n  t h e  n e a r  f u t u r e  as an EPRI  p u b l i c a t i o n .  
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I CONCLUSIONS AND SWARY 
The r e s u l t s  shown i n d i c a t e  r e l a t i v e l y  good agreement between a l l  
t h e  STEALTH and TRANAL c a l c u l a t i o n s .  The d i f f e r e n c e s  t h a t  are seen  can 
probably be a t t r i b u t e d  t o  ( 1 )  l a r g e  (STEALTH) vs small (TRANAL) s t r a i n  f o r -  
mulat ion and/or  ( 2 )  g r i d  d i s c r e t i z a t i o n  d i f f e r e n c e s .  
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TLBLE 1. - SU4MARY  OF  CALCULATIONS  PRESENTED 
Type - Code Comments 
F r e e   F i e l d  TRANAL elast ic  
F r e e  F i e l d  STEALTH  2D elastic 
F r e e  F i e l d  STEALTH 2D elast ic ,  w i t h  t i e d  s l i d e l i n e s  
SSI TRANAL k inemat ic  cyc l ic  cap ,  gapping  
SSI STEALTH 2D k inemat i c  cyc l i c  cap ,  gapp ing  
SSI STEALTH 2D k i n e m a t i c  c y c l i c  c a p ,  r i g i d  body 
elements   (Figure  9a)  
zones  (Figure  9b) 
debonding/rebonding  (Figure 6 )  
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100' 
1 
t r i 0 B 
? t B borehole containing gages 
\ 1 S 5 structural models 
explosive 
arrays 
(a) Plan view. 
7 
'explosive 
arrays 
llI" s s  
I B B B B B B 
B Z borehole containing gages 
S S structural  models 
(b) Vertical cut through  SIMQUAKE I1 centerline. 
Figure 1.- SIMQUAKE  I1 field  test. 
58 
Figure 2.- Typical scaled  structure. 
Figure 3.- Two-dimensional  multi-grid  example. 
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STRUCTURE 
air-structure interface 
I 
I VOID I VOID 
1" - ": 
I 
I I 
I 
"""""""""""""""""" 
f 
soil-structure interface 
s OIL 
(a) Schematic using  no slidelines and one grid. 
STRUCTURE 
) tied  slideline. L"" 
soil-structure interface 
SOIL 
/ €Irid+' 
(b) Schematic using one slideline and two  grids. 
Figure 4.- Schematics of SIMQUAKE mesh. 
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free slide line  t ed slideline +3 
tied 
slide lines 
(a) At bottom of flexible structure only. 
7free slideline 
\ [RiaJ . .. 
. . . . , , . . .. 
(b) All around flexible structure. 
Figure 5.- Debonding/rebonding of  a flexible structure. 
rigid  body wall 
interaction line 
Figure 6 . -  Debonding/rebonding all around rigid  structure. 
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(a) TEUNAL and STEALTH free  field,  soil  island  mesh 
using no slidelines. 
B 
\ 
- t ied slidelines 
(b)  STEALTH free field, soil island mesh using two tied  slidelines. 
Figure 7.- TRANAL and STEALTH free fields. 
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(a) Horizontal velocity histories for 3.0 seconds from TRANAL 
and STEALTH output at location A (see Fig. 7). 
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(b) Vertical velocity histories for 1.0 second from two STEALTH 
meshes at location B (see  Fig. 7). 
Figure 8.- Comparison of velocity histories for elastic free field 
simulations. 
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MANGE - 150' RANGE - 300' 
(a) TRANAL mesh. 
CONCRETE 
0 BACKFILL  
RAWGE I 150' RANGE - 300 '  
(b) STEALTH mesh. 
Figure 9.- Comparison of TRANAL and STEALTH meshes  with gapping 
elements, or zones, next to flexible structure. 
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Figure 10.- Comparison of three velocity histories on  the 
flexible structures. 
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